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Background-—Rapid growth in transcatheter aortic valve replacement (TAVR) demand has translated to inadequate access,
reflected by prolonged wait times. Increasing wait times are associated with important adverse outcomes while on the wait-list;
however, it is unknown if prolonged wait times influence postprocedural outcomes. Our objective was to determine the association
between TAVR wait times and postprocedural outcomes.

Methods and Results-—In this population-based study in Ontario, Canada, we identified all TAVR procedures between April 1,
2010, and March 31, 2016. Wait time was defined as the number of days between initial referral and the procedure. Primary
outcomes of interest were 30-day all-cause mortality and all-cause readmission. Multivariable regression models incorporated wait
time as a nonlinear variable, using cubic splines. The study cohort included 2170 TAVR procedures, of which 1741 cases were
elective and 429 were urgent. There was a significant, nonlinear relationship between TAVR wait time and post-TAVR 30-day
mortality, as well as 30-day readmission. We observed an increased hazard associated with shorter wait times that diminished as
wait times increased. This statistically significant nonlinear relationship was seen in the unadjusted model as well as after adjusting
for clinical variables. However, after adjusting for case urgency status, there was no relationship between wait times and
postprocedural outcomes. In sensitivity analyses restricted to either only elective or only urgent cases, there was no relationship
between wait times and postprocedural outcomes.

Conclusions-—Wait time has a complex relationship with postprocedural outcomes that is mediated entirely by urgency status.
This suggests that further research should elucidate factors that predict hospitalization requiring urgent TAVR while on the wait
list. ( J Am Heart Assoc. 2019;8:e010407. DOI: 10.1161/JAHA.118.010407.)
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T ranscatheter aortic valve replacement (TAVR) represents
a paradigm shift in therapeutic options for severe aortic

stenosis. Since being first described in 2002,1,2 TAVR has
rapidly disseminated, with >350 000 procedures performed

in >70 countries.1,2 The growth in TAVR demand has further
increased with the recent expansion of TAVR into intermedi-
ate- and lower-risk patients, as recommended by clinical
practice guidelines in 2017.3 In some jurisdictions, this
dramatic increase in demand has overwhelmed current
capacity, translating into prolonged wait times.4

Inadequate access, as reflected by increased wait times,
has important clinical and policy implications. Previous work
from our group estimated the hypothetical impact of increas-
ing wait times on the effectiveness of TAVR by applying
discrete event modeling. We found that a wait time of
>60 days would negate any potential benefit of receiving
TAVR instead of traditional surgical aortic valve replacement.5

Observational data have shown associations between
increased wait times and greater mortality4,6,7 and all-cause
hospitalization4 while on the wait-list, as well as declines in
functional status8 and quality of life.9 However, there is a
paucity of literature on the association between wait time and
postprocedural outcomes.

Arnold and colleagues10 found that low pre-TAVR func-
tional status was a strong predictor of poor post-TAVR
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outcomes, including mortality and diminished quality of life.
Given that patients are prone to declines in functional status
while waiting for TAVR,8–10 it would be reasonable to
hypothesize that prolonged wait times may result in poorer
postprocedural outcomes. Accordingly, our objective was to
test this hypothesis, by evaluating the association between
TAVR wait times and early post-TAVR outcomes using a
population-level registry of all TAVR procedures in Ontario,
Canada.

Methods
This retrospective cohort study was approved by the Institu-
tional Research Ethics Board at Sunnybrook Health Sciences
Center, at the University of Toronto (Toronto, Ontario, Canada),
before data collation and analysis. The use of anonymized
administrative data without patient consent at the Institute for
Clinical Evaluative Sciences is allowed in Ontario on the basis of
provincial privacy legislation. Analytic methods and study
materials will be available to other researchers for purposes of
reproducing the results or replicating the procedure. However,
individual data will not be available, to be compliant with privacy

regulations in Ontario, Canada. Dr Wijeysundera will be
responsible for maintaining availability of analytic methods
and study materials.

Context
Ontario is the largest province in Canada, with a population of
13.6 million. All residents have universal access to health
care and hospital services through a publicly funded health-
care program administered by a single third-party payer, the
Ontario Ministry of Health and Long-Term Care.

Data Sources
Our study used data collected in the CorHealth Ontario TAVR
Registry. The TAVR CorHealth Registry contains demographic,
comorbidity, and procedural variables from the 10 hospitals
across the province that perform TAVR. These data elements
have been validated through selected chart abstractions and
core laboratory analyses.

Data from the TAVR CorHealth Registry were linked using
encrypted unique patient identifiers to population-based
administrative databases housed at the Institute for Clinical
Evaluative Sciences in Toronto, Ontario. We used the Canadian
Institute for Health Information Discharge Abstract Database
for data on short-term hospitalizations, as well as to supple-
ment baseline comorbidity and procedural data. Dementia
diagnoses were determined through linkage with any of the
following 3 administrative databases: Ontario Health Insurance
Program physician claims database, Ontario Drug Benefit
database, or Canadian Institute for Health Information Dis-
charge Abstract Database. Validated Institute for Clinical
Evaluative Sciences–derived databases were used to identify
diabetes mellitus,11,12 heart failure (HF),13,14 hypertension,15

and chronic obstructive pulmonary disease.16 Medical frailty
was determined using the John Hopkins Adjusted Clinical Group
Case-Mix adjustment system (The Johns Hopkins ACG System,
version 10).17 Mortality was ascertained via the Registered
Persons Database, as were additional demographic variables,
such as neighborhood income quintile and rural residence.

Patient Selection and Variable Definitions
We included all TAVR procedures in Ontario between April 1,
2010, and March 31, 2016. Mean and median total TAVR wait
times were defined as the interval from referral date to the date
of the TAVR procedure. Urgency status was either elective or
urgent. Elective patients were defined as patients who were
admitted for their TAVR procedure on an elective basis; in
contrast, urgent patients were those who required a TAVR
procedure during a concurrent hospitalization for declining
medical status. Hospitalizations while on the wait-list were

Clinical Perspective

What Is New?

• Increasing wait times are associated with important adverse
outcomes while on the wait-list. However, it is unknown if
prolonged wait times influence postprocedural outcomes.

• We found that wait time has a nonlinear relationship with
postprocedural outcomes.

• Counterintuitively, we found an increased hazard with
shorter wait times; this relationship was mediated via
urgency status.

What Are the Clinical Implications?

• Triaging patients while on the wait-list is an underdeveloped
area.

• Our results suggest that research on preprocedural queuing
and triage should focus on how to better identify patients
who may deteriorate to the point of requiring in-hospital
transcatheter aortic valve replacement.

• Our work suggests a potential framework, which should
have 3 separate stages. Developing risk scores for identi-
fying patients who may die on the wait-list is the first step.

• The second step is to develop risk scores to identify
outpatient transcatheter aortic valve replacement candi-
dates who may deteriorate to the point that they require
hospitalization, and the third step is to identify those who
will need an inpatient transcatheter aortic valve
replacement.
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defined as only those that resulted in a discharge home without
a TAVR procedure. A hospitalization during the wait period that
resulted in a TAVR was counted as an urgent case, with that
hospitalization defined as the index hospitalization.

Outcome
Our primary outcomes of interest were post-TAVR 30-day all-
cause mortality and 30-day all-cause readmission.

Statistical Analysis
To determine the association between wait time and the risk of
30-day mortality, Cox proportional hazard regression models
were developed, applying a robust, sandwich-type variance
estimator to account for homogeneity/clustering of patients
within each TAVR center. For all-cause readmission within 30
days, we developed marginal cause-specific Cox proportional
hazard models, accounting for the competing risk of death. To
determine if there was a nonlinear association between wait
times and outcomes, wemodeled wait time using a cubic spline
function with 3 knots at 30, 120, and 240 days. To identify
potential mediators of the relationship between wait times and
outcomes, we built several sequential models. First, we
modeled the unadjusted relationship between wait times and
outcomes. Then, we adjusted the model for all baseline clinical
variables. Finally, we included TAVR urgency status. We
conducted 3 sensitivity analyses. First, using the full cohort,
we also included HF hospitalization and all-cause hospitaliza-
tion while on the wait-list. Second, we restricted our cohort to
only elective patients and repeated our regression models.
Finally, we restricted our cohort and analyses to only urgent
patients who underwent a TAVR while hospitalized.

All data analyses were performed using SAS, version 9.4
(SAS Institute Inc, Cary, NC). Statistical significance was
considered to be a 2-sided P<0.05. Consistent with conven-
tion, a nonlinear relationship was significant at P<0.1.

Results
The CorHealth registry included a total of 4535 TAVR referrals
between April 1, 2010, and March 31, 2016. Of those
referred, 2251 led to a TAVR procedure. As seen in Figure 1,
after applying additional exclusions, we had a final cohort of
2170 procedures, with 1741 elective procedures (80.2%) and
429 urgent procedures (19.8%).

Baseline Characteristics
Baseline characteristics of the total cohort are found in
Table 1. The mean age of our cohort was 81.8 years, with
46% women. The patients who underwent an urgent TAVR had

a significantly higher proportion with HF, renal disease,
dialysis, cardiac arrhythmia, and prior valve surgery compared
with patients who underwent elective TAVR (P<0.05).

Unadjusted Outcomes
The mean TAVR wait time was 132.5 days, with a median of
107 days. There was substantial variation, as reflected in an
interquartile range from 55 to 176 days. There was a
significantly shorter wait time in the urgent versus elective
patients (mean, 67.4�86.6 versus 148.5�118.5 days;
P<0.001). While on the wait-list, 38.8% of patients had a
hospitalization, with 9.1% having a HF hospitalization. These
were all hospitalizations in which the patient was successfully
discharged home without a concomitant TAVR procedure.

Mean length of hospital stay for the index TAVR hospital-
ization was 9.8 days (15.1 versus 8.6 days in the urgent
versus elective TAVR groups; P<0.001). Furthermore, patients
who underwent urgent TAVR had a significantly higher rate of
procedural complications, such as acute kidney injury,
dialysis, and any bleeding (P<0.001) (Table 2).

For our primary post-TAVR outcomes, 149 patients (6.9%)
and 339 patients (15.6%) died and were readmitted, respec-
tively, within 30 days after the TAVR procedure. There were
significantly worse outcomes in the urgent versus elective
groups (11.4% versus 5.7% [P<0.001] for mortality and 20.3%
versus 14.5% [P=0.003] for readmission) (Table 2).

Wait Time Relationship to Postprocedural
Outcomes 30-Day Mortality
In the unadjusted model, we found a statistically significant
relationship between mortality and wait times (P<0.001) that
was nonlinear (P<0.08). The relationship was complex, as seen
in Figure 2A. In contrast to our original hypothesis, we observed
an increased hazard associatedwith shorter wait times that was
attenuated with longer wait times. When adjusted for all clinical
variables (see Table S1 for list of variables), this nonlinear
relationship persisted (Figure 2B). When urgency status was
forced into the model, there was no longer a relationship
between wait times andmortality, as seen in Figure 2C (P=0.58
foroverall relationship,P=0.77 for linearity).Urgency statuswas
a strong predictor of 30-day mortality, with urgent patients
having a hazard ratio (HR) of 1.80 (95% CI, 1.24–2.62; P=0.002)
compared with elective patients.

All-Cause Readmission at 30 Days
A similar pattern was seen for 30-day all-cause readmission,
as shown in Figure 3A through 3C. In the unadjusted model
(Figure 3A), there was a statistically significant relationship
between wait times and readmission, (P=0.01 for overall
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relationship, P=0.06 for linearity), with a higher hazard
associated with shorter wait times. This relationship between
wait times persisted when the model was for clinical variables
(Figure 3B; Table S2). With the introduction of urgency status

in the model (Figure 3C), there was no overall association
(P=0.98) between wait time and readmission. Urgent status
was a statistically significant predictor of readmission (urgent
versus elective HR, 1.35; 95% CI, 1.04–1.75; P=0.02).

Figure 1. Cohort selection. IKN indicates unique identifier; TAVI, transcatheter aortic valve implantation; TAVR, transcatheter aortic valve
replacement.

DOI: 10.1161/JAHA.118.010407 Journal of the American Heart Association 4

Wait Time and Postprocedure TAVR Outcomes Elbaz-Greener et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



Sensitivity Analyses
In the full cohort, when HF admission or all-cause admission
while on the wait-list was introduced into the model, the
nonlinear relationship between wait times and outcomes
persisted (Figures S1A, S1B and S2A, S2B). This suggests that
it is not hospitalization per se that mediates the relationship
between TAVR wait times and outcomes but rather a
hospitalization that requires an urgent TAVR.

In our second sensitivity analysis, we restricted our models
to the 1741 elective patients. In contrast to the significant
nonlinear relationship that we found in our primary analysis, in

the elective-only analysis, we found that wait times had no
relationship with either 30-day mortality (HR, 0.99; 95% CI,
0.99–1; P=0.12) or readmission (HR, 1.0; 95% CI, 0.99–1.0;
P=0.52). Similarly, when restricted to the 429 urgent patients,
there was no relationship between wait times and outcomes
(30-day mortality HR, 1.00; 95% CI, 0.99–1.01; P=0.40; or 30-
day readmission HR, 1.00; 95% CI, 0.99–1.01; P=0.16).

Discussion
In this study of all TAVR referrals in Ontario, we found a
statistically significant relationship between TAVR wait time

Table 1. Baseline Characteristics

Characteristic Elective (N=1741) Urgent (N=429) Total (N=2170) P Value

Age, mean�SD, y 81.9�7.2 81.3�8.9 81.8�7.6 0.15

Sex, female 804 (46.2) 192 (44.8) 996 (45.9) 0.60

Income quintile 0.03

1 277 (15.9) 69 (16.1) 346 (15.9)

2 350 (20.1) 103 (24) 453 (20.9)

3 369 (21.2) 85 (19.8) 454 (20.9)

4 360 (20.7) 96 (22.4) 456 (21.0)

5 379 (21.8) 73 (16.6) 450 (20.7)

Rural resident 189 (10.9) 68 (15.9) 257 (11.8) 0.004

Charlson score, mean�SD 1.81�1.86 2.31�2.05 1.91�1.91 <0.001

Dyslipidemia 1168 (67.1) 255 (59.4) 1423 (65.6) 0.003

Dementia 122 (7) 38 (8.9) 160 (7.4) 0.19

DM 780 (44.8) 211 (49.2) 991 (45.7) 0.10

Hypertension 1644 (94.4) 395 (92.1) 2039 (94.0) 0.07

HF 1207 (69.3) 357 (83) 1563 (72.0) <0.001

COPD 618 (35.5) 159 (37.1) 777 (35.8) 0.54

Malignancy 118 (6.8) 23 (5.4) 141 (6.5) 0.29

Renal disease 168 (9.6) 75 (17.5) 243 (11.2) <0.001

Dialysis 51 (2.9) 22 (5.1) 73 (3.4) 0.02

CAD 1280 (73.5) 257 (59.9) 1537 (70.8) <0.001

Cardiac arrhythmia/AF 442 (25.4) 137 (31.9) 579 (26.7) 0.006

CVD 93 (5.3) 23 (5.4) 116 (5.3) 0.99

Lung disease 23 (1.3) 6 (1.4) 29 (1.3) 0.9

PVD 94 (5.4) 25 (5.8) 119 (5.5) 0.73

Frailty* 351 (20.2) 103 (24.2) 454 (20.9) 0.08

Previous PCI 617 (35.4) 121 (28.2) 738 (34.0) 0.005

Previous CABG 424 (24.4) 97 (22.6) 521 (24.0) 0.45

Previous valve surgery 184 (10.6) 74 (17.2) 258 (11.9) <0.001

TAVR procedure

Transfemoral 1420 (81.6) 352 (82.1) 1772 (81.7) 0.60

Valve in valve 147 (8.4) 63 (14.7) 210 (9.7) <0.001

Data are given as number (percentage) of each group, unless otherwise indicated. AF indicates atrial fibrillation; CABG, coronary artery bypass graft; CAD, coronary artery disease; COPD,
chronic obstructive pulmonary disease; CVD, cerebrovascular disease; DM, diabetes mellitus; HF, heart failure; PCI, percutaneous coronary intervention; PVD, peripheral vascular disease;
TAVR, transcatheter aortic valve replacement.
*Frailty was determined using the John Hopkins Adjusted Clinical Group Case-Mix adjustment system (The Johns Hopkins ACG System, version 10).
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and 30-day mortality or readmission post-TAVR procedure
that was nonlinear. This relationship was complex, with a
counterintuitive higher hazard associated with shorter wait
times. This relationship was accounted for almost entirely by
urgency status, with urgent patients having worse outcomes.
Almost 40% of patients on the wait-list had a hospitalization
while waiting; an additional 20% had a wait-time hospitaliza-
tion requiring an urgent in-hospital TAVR. These urgent
inpatients had a greater proportion of high-risk features.
However, despite short wait times, they had worse outcomes.
After adjustment for all the higher-risk clinical variables, this
nonlinear relationship nonetheless persisted. Once urgency
status was accounted for, there was no longer any relation-
ship between wait times and outcomes, a finding that was
robust in multiple sensitivity analyses.

Management of patient wait times is important because wait
time reflects the balance between demand for treatment and
the capacity to deliver treatment. Longer wait times have a
direct relationship with adverse events while waiting,4 including
an increase in wait-time mortality and hospitalization.4,6,7

Furthermore, patients undergoing urgent TAVR who require an
in-hospital TAVR require a more prolonged post-TAVR hospital
stay.18,19 Other studies have found an important relationship
between greater wait times and deterioration in functional
capacity and quality of life while on the wait-list, which, in turn,
negatively affects post-TAVR mortality and recovery.8–10,20

Given this background, our hypothesis was that longer wait
times would translate to worse post-TAVR outcomes. Coun-
terintuitively, our results suggest the opposite. We found an
increased hazard with shorter wait times. This relationship
was attenuated when urgency status was introduced into the
model, as seen in our primary analysis, and reinforced by our
sensitivity analysis in only elective patients. Performing TAVR
in acutely decompensated patients as part of a concurrent
hospitalization was associated with worse outcomes; such an
urgent group had actually shorter TAVR wait times than those
for the elective group, which explained the counterintuitive
relationship between wait times and postprocedural out-
comes.

This is a critical insight that has implications for TAVR
wait-time management. Although several risk models have
been developed to predict postprocedure mortality
in patients undergoing TAVR to improve patient
selection,21–24 no risk models exist to triage patients on
the basis of their level of risk for adverse events while on
the wait-list. Our results suggest that research on prepro-
cedural queuing and triage should focus on how to better
identify patients who may deteriorate to the point of
requiring in-hospital TAVR.

Triaging patients while on the wait-list is an underdevel-
oped area, but our work suggests a potential framework for
such models, which should have 3 separate stages (Figure 4).

Table 2. Wait Times and Outcomes

Elective (N=1741) Urgent (N=429) Total (N=2170) P Value

Referral to TAVR, d

Mean (SD) 148.5�118.5 67.4�86.6 132.5�117.4 <0.001

Median (IQR) 124 (72–189) 36 (14–95) 107 (55–176) <0.001

Outcomes on wait-list for TAVR

HF hospitalization on wait-list 154 (8.8) 44 (10.3) 198 (9.1) 0.36

All-cause hospitalization on wait-list 728 (41.8) 114 (26.6) 842 (38.8) <0.001

Length of stay, mean�SD, d

TAVR procedure date to discharge, mean�SD 8.6�13.0 15.0�25.2 9.8�16.4 <0.001

In-hospital complication, secondary outcome

Pacemaker insertion 230 (13.2) 59 (13.8) 289 (13.3) 0.767

Stroke/TIA 34 (2.0) 8 (1.9) 42 (1.9) 0.906

Dialysis 42 (2.4) 26 (6.1) 68 (3.1) <0.001

Acute kidney injury 19 (1.1) 29 (6.8) 48 (2.2) <0.001

In hospital bleeding (all types) 154 (8.8) 64 (14.9) 218 (10.0) <0.001

Post-TAVR outcomes

Mortality within 30 d post-TAVR 100 (5.7) 49 (11.4) 149 (6.9) <0.001

Readmission within 30 d post-TAVR 252 (14.5) 87 (20.3) 339 (15.6) 0.003

Data are given as number (percentage) of each group, unless otherwise indicated. HF indicates heart failure; IQR, interquartile range; TAVR, transcatheter aortic valve replacement; TIA,
transient ischemic attack.
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Developing risk scores for identifying patients who may die on
the wait-list is the first step. The second step is to develop
risk scores to identify outpatient TAVR candidates who may

deteriorate to the point that they require hospitalization, and
the third step is to identify those who will need an inpatient
TAVR. This is a subtle, yet important, point. We found that a

Figure 2. Models for mortality within 30-day post–transcatheter aortic valve replacement (TAVR). The
x axis shows the hazard ratios (HRs) for 30-day post-TAVR mortality for the total cohort, and the y axis
represents days on the wait-list. A, Unadjusted data. B, Data adjusted for clinical variables. C, Data
adjusted for clinical variables and urgency status.
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high proportion of patients will require hospitalization while on
the TAVR wait-list; however, most of these will not result in an
urgent TAVR. It is important to identify both these patients
who will be hospitalized and, within this group, the subset of

patients (�1 in 5 of the total TAVR population) who will need
an urgent TAVR. This work and others suggest that such
patients will have a prolonged length of stay and critically
worse postprocedural outcomes.

Figure 3. Models for readmission within 30-day post–transcatheter aortic valve replacement
(TAVR). The x axis shows the hazard ratios (HRs) for 30-day post-TAVR readmission for the total
cohort, and the y axis represents days on the wait-list. A, Unadjusted data. B, Data adjusted for
clinical variables. C, Data adjusted for clinical variables and urgency status.
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The findings of this study should be considered in the
context of several limitations that merit discussion. First, our
models were adjusted for only the factors that are captured in
the registry; this excludes potentially important factors, such
as left ventricular function, Society of Thoracic Surgeons, and
Euro score. As such, we cannot discount the presence of
residual confounding. Second, our cohort extended across a
time period that included substantial evolutions in TAVR
technology and care delivery. Third, we were not able to
determine the onset of symptoms, only that of referral. This
may be different between patient subgroups, such as rural
and urban patients. Finally, ours was an observational study,
and we cannot conclude causality in the effect seen with
urgency status and its influence on the relationship between
wait time and outcomes. Thus, our conclusions should be
considered hypothesis generating, and not conclusive.

Conclusion
Wait time has a complex relationship with postprocedural
outcomes that appears to be related to urgency status. This
suggests that further research is needed to elucidate factors
that predict hospitalization requiring urgent TAVR while on the
wait-list.
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